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Open access unABSTRACTObjectives: Axial rotation of the torso is commonly used during manipulation treatment of low back pain. Little is
known about the effect of these positions on disc morphology. Rotation is a three-dimensional event that is
inadequately represented with planar images in the clinic. True quantification of the intervertebral gap can be achieved
with a disc height distribution. The objective of this study was to analyze disc height distribution patterns during
torsion relevant to manipulation in vivo.
Methods: Eighty-one volunteers were computed tomography–scanned both in supine and in right 50° rotation
positions. Virtual models of each intervertebral gap representing the disc were created with the inferior endplate of
each “disc” set as the reference surface and separated into 5 anatomical zones: 4 peripheral and 1 central,
corresponding to the footprint of the annulus fibrosus and nucleus pulposus, respectively. Whole-disc and individual
anatomical zone disc height distributions were calculated in both positions and were compared against each other with
analysis of variance, with significance set at P b .05.
Results:Mean neutral disc height was 7.32 mm (1.59 mm). With 50° rotation, a small but significant increase to 7.44
mm (1.52 mm) (P b .0002) was observed. The right side showed larger separation in most levels, except at L5/S1. The
posterior and right zones increased in height upon axial rotation of the spine (P b .0001), whereas the left, anterior, and
central decreased.
Conclusions: This study quantified important tensile/compressive changes disc height during torsion. The implications of
these mutually opposing changes on spinal manipulation are still unknown. (J Manipulative Physiol Ther 2016;39:294-303)
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As part of treatment for low back pain, providers who
utilize manipulative therapy focus on restoring motion and
relieving pain.1–7 Although the mechanisms of action
remain uncertain, current evidence suggests that the
procedures may be associated with altered sensorimotor
integration,8 motor control, 9–11 and localized tissue
stress.12–15 Kawchuk et al16 using an ex vivo porcine
model, have shown that the intervertebral disc (IVD)
experiences the greatest loading arising from manipulation
procedures. A common manipulation procedure consists of
techniques positioning patients in varying degrees of axial
rotation of the torso7,17–19 up to end voluntary range.
Indeed, recent clinical studies report the use of manipula-
tion incorporating rotational positioning as a therapeutic
measure for patients with confirmed disc herniation.20
Some of the biomechanics research on manipulation
techniques currently used focus mostly on the method of
delivery of the load (and its transmission) that would
eventually produce vertebral motion.19,21–24 Greater uni-
lateral change in facet spacing distance,18,25 as measured
with magnetic resonance imaging (MRI) immediately after
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coincident with significant pain reduction and suggests a
relative asymmetric displacement. As yet, there are no data
to indicate whether the disc itself undergoes comparable
displacement and strain.
Attempts to evaluate disc and spinal structure morpho-
logical changes promoted by loading or motion have been
seen previously in the literature. Iwata et al26 reported on
the changes seen in the intervertebral foramen, whereas
subjects were scanned with computed tomography (CT)
with and without axial loading, and the results showed
decreases in spinal parameters such as foraminal width/
height and cross-sectional area of the foramen that
correlated well with changes in the posterior disc height
after axial loading. Other studies have also recently focused
on the foraminal geometry as an indicator of changes
brought upon by motion or loading that are important to
describe changes in the disc.27–29
Very few reports on spinal axial rotation have attempted
a description of the torsional disc mechanics that could be
related to the issue of pain relief.30,31 An in vitro study
using porcine lumbar spines demonstrated that small
vertebral rotations cause depressurization of the nucleus
pulposus via an increase in IVD height during torsion.31,32
A similar study using human cadaveric lumbar spines,
however, showed neither a decrease in disc pressure nor an
increase in disc height during axial rotation.31 These in
vitro studies allowed measurements of disc pressure and
disc height using cadaveric specimens. However, lumbar
segmental movements may be different in vivo. Further-
more, these previous studies only measured changes in
overall disc height during torsion and did not report any
differences in disc height distribution across the entire
endplate. Understanding change in height distributions
associated with therapeutic movements like those applied
during high velocity, low amplitude (HVLA) is important
because they are unlikely to be axially symmetrical. As the
work of Fujiwara et al33 shows, axial rotation unevenly
deforms the critical space for the spinal nerves occupying
the intervertebral foramina.
The literature also shows the importance of torsion in
disc mechanics34–37 as a very frequent physiological
loading mode for the spine. After all, the flexibility in the
torso is achieved through the coupled motions of the lumbar
spine. Axial rotation is also implicated in disc degeneration,
by possibly influencing degenerative conditions such as
spinal instability and disc prolapses. Torsional stiffness has
been shown to decrease with the presence of radial tears in
the annulus fibrosus.38 Increased shear stresses on the facet
joints have also been related to torsion.37 Dimensions of the
intervertebral foramen have been observed to change in
association with axial torsion. Nowicki et al39 demonstrated
variable response with nerve root contact being by the IVD
or increased or decreased in association with axial rotation.
Similarly, Fujiwara et al33 showed that change in therelative area of the foramina was correlated with the amount
of segmental rotation. Whether area increased or decreased
depended on the direction of rotation being ipsilateral or
contralateral to the foramen being measured. Although
rotation of the lumbar spine is commonly studied, there is as
yet no data on the extent to which torsional mechanics of
manipulation alters the disc morphometry.
Standard clinical imaging utilized during patient
assessments are insufficient to disclose any morphologic
changes involved with manipulation on two bases. First,
imaging rarely incorporates axial rotation. Second, the
planar representations of the gap between vertebra make it
difficult to appreciate the three-dimensional (3D) defor-
mations associated with the coupled motions of axial
rotation. An alternativemethod, a disc height “distribution”
measure, is proposed as a more effective tool. The
movement of the osseous vertebra, being a relatively hard
and solid structure, changes the morphology of related
structures of interest to manual therapists (eg, facet
gapping, foraminal space). Height distributions may
allow reasonable prediction of the effects on the disc,
assisting in treatment planning. To that effect, we have
developed an in vivo technique for the measurement of the
IVD height distribution during torsion using subject-based
3D CT models.40,41 This allows for quantification of the
change in disc height distribution. Therefore, the objective
of this study was to determine said disc height distribution
changes during torsion in vivo in subjects with and without
chronic low back pain.METHODS
This institutional review board–approved study (study
no. L05090801) recruited 106 subjects aged 20 to 60 years.
The mean (SD) age was 38.3 (9.2) years. Subjects were
classified according to presence/absence of low back pain
symptoms, sex, and age. Two age groups were created:
young (second and third decade of life) and middle aged
(fourth and fifth decades).
Symptomatic subjects were those who had recurrent low
back pain with at least 2 episodes lasting at least 6 weeks. If
any or a combination of the following feature(s) was
present, the subject was excluded from the study: prior
surgery for back pain, age more than 60 years, claustro-
phobia or other contraindication to MRI and CT, severe
osteoporosis, severe disc collapse at multiple levels, severe
central or spinal stenosis, destructive process involving the
spine, litigation, or compensation proceedings, extreme
obesity, congenital spine defects, and previous spinal
injury. In contrast, asymptomatic or control subjects were
those who did not have low back pain or previous spinal
surgery, were also younger than 60 years, and did not
present with claustrophobia or other contraindication to
MRI and CT.
Fig 1. Representative point cloud models obtained from the CT image data for each study subject. The surfaces representing the
endplates are used to create the disc height distribution color map, which is further subdivided in 5 anatomical zones that represen
ideally the annulus fibrosus and nucleus pulposus footprints.
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scanned with a clinical CT unit (Volume Zoom, Siemens,
Malvern, Pennsylvania) in two positions: supine and after
torso axial rotation of 50° degrees to the right, consistent
with end-range clinical procedures,19,25 and as described
earlier elsewhere.42,43 Because of the presence of anomalies
such as lumbosacral transitional vertebrae and osteophytes,
the lumbar geometries from 25 subjects were excluded from
data analysis, which led to a final data set of 81 subjects.
Subjects also underwent MRI T2 sequences using a clinical
1.5T MR unit (Signa, General Electric, Milwaukee,
Wisconsin) to grade the disc quality according to the
Pfirrmann classification. All discs were graded by 2
experienced spine surgeons.
Computed tomography scans of the entire lumbar spine
(T12 to S1) were obtained as 1.0-mm-thick slices and
exported in DICOM format for postprocessing. Segmenta-
tion of the CT data via commercial software (Mimics,
Materialise, Leuven, Belgium) produced point cloud datatsets of each vertebral body. Using a custom-written Visual
C++ program, the point cloud models of each endplate
(superior and inferior) were individually separated from
their vertebral body. To create a point cloud model of the
IVD space, the point clouds of the adjacent vertebral
endplates were then assembled together. For example, for
the L4/5 IVD space, the inferior endplate from L4 and the
superior endplate for L5 were used in the analysis.
Furthermore, each IVD space was separated into 5
anatomical zones: posterior, left lateral, anterior, and right
lateral simulating the footprint of the annulus fibrosus; and
the central zone mimicking the footprint of the nucleus
pulposus (Fig 1).
The disc height distribution was calculated using a
least-distance algorithm; starting with an individual point
on the superior endplate, it scanned for the closest point on
the opposing inferior endplate of the IVD space. The
algorithm scanned the neighboring points and recorded the
closest one as the local “disc height” for that particular
Fig 2. Representative results from the disc height distributions shown for 2 positions: neutral (supine) and rotation of the torso of 50° to
the right. The changes in the footprint show an opening in the right lateral side of the disc and a compression in the anterior, posterior
and contralateral zones. The color scale depicted ranges from 5 mm (blue) to 12 mm (red).
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points for which this calculation was performed, producing
in the end a high-resolution color map of the distribution as
shown in Figure 1. After calculating the entire disc space
height distribution, the mean heights of each of the 5
subzones defined for the IVD space were calculated for
both the neutral and rotated positions.
To provide a more objective description of the effect of
axial rotation on the space occupied by the IVD, we
calculated an approximation to the strain experienced in the
axial direction of the spine by using the initial and final
mean values for the zonal disc heights based on the point
cloud data. The strain (ε, unitless, %) was calculated as
ε ¼ ½ZDHr – ZDHn100ZDHn , where ZDHr is the zonal disc height
obtained after the rotation was applied (measured in
millimeters), and ZDHn is the zonal disc height computed
at neutral position (also measured in millimeters).Statistics
Differences between both imaging positions were
sought through paired t tests. Differences among sex,
spinal levels, disc grades, age groups, and presence or
absence of low back pain symptoms were sought with
analysis of variance and Fisher post hoc test. All
calculations were performed in StatView 5.0 (SAS Institute,
Cary, North Carolina). Statistical significance was set at,P b .05. Data are presented as mean (SD). Strain results are
shown as mean (SEM).RESULTS
A total of 405 IVD spaces were analyzed in this study.
The disc height analysis algorithm produced color maps of
the disc height distribution in both neutral and right rotation
positions as shown in Figure 2. This illustrates the change in
the “footprint” of the disc when axial rotation of the torso is
applied to the upper body.
The average height of an IVD while the spine was in the
neutral position was shown to be 7.32 mm (1.59 mm).
When the spine was rotated 50° to the right, there was a
small but significant increase in the overall average IVD
height to 7.44 mm (1.52 mm) (P b .0002). As shown before
in an earlier preliminary report,40 the disc height measure-
ment is level dependent, with a steady increase from L1/2
up to L4/5, presenting with a drop at L5/S1 as seen in
Figure 3A. This is a consistent pattern prevailing in both
symptomatic/asymptomatic groups, and both sexes. The
influence of disc degeneration on the disc height can be
seen in detail in Figure 3B. The data confirm the concept of
diminished disc height with advancing disc degeneration.
One particular finding was a higher zonal disc height in
the rotated position both for the posterior zone (zone 1) and
the right lateral zone (zone 4), which is the direction of
Fig 3. Disc height values for each anatomical zone shown for both neutral and rotated positions by lumbar level (A) and disc
degeneration grade (Pfirrmann scale, B). The diagram at the top right side of each chart depicts the anatomical zones and the direction
of rotation (to the right). Zone 1, posterior; zone 2, left lateral; zone 3, anterior; zone 4, right lateral; zone 5, central. Asterisks denote
significant differences as **P b .0001 and *P b .05.
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phenomenon described as the disc height distribution
changes with torsion. When the zonal disc height
distributions were arranged by spinal level, the right lateral
subzone showed larger separation in most levels with
the exception of L5/S1, which did not show differences
as large as the other levels in peripheral IVD height
during torsion.
Whereas posterior and right zones increased in height
from neutral to rotated position of the spine, the left,
anterior, and central subzones underwent compression with
axial rotation (Fig 4). Specifically, the right side had an
increase in mean separation from 7.00 mm (1.66 mm) in
neutral position to 7.97 mm (1.92 mm) in the rotated
position. On the other hand, the left side decreased from
7.29 mm (1.74 mm) to 6.76 mm (1.69 mm) in torsion.
Overall (with all levels considered), the anterior zone disc
height dimension values were 9.32 mm (2.60 mm) at
neutral and 9.18 mm (2.37 mm) in the rotated position. A
t test comparison between these two values reports P values
of .4. However, when the “distribution changes” are
considered by level, the anterior zone at L1/2 does not
maintain this consistency pattern and in fact does show a
small but significant positive growth (P b .02; Fig 4). The
overall central zone disc height distribution values were7.79 mm (1.76 mm) in the neutral position vs 7. 53 mm
(1.64 mm) after the axial rotation was applied (P = .033).
When the other demographics covariates were consid-
ered, some zones maintained the increase with rotation in
both genders (zones 1 and 4; P b .0001) as seen in
Figure 5A.
When the data were segregated by presence or absence
of back pain symptoms, Figure 5B shows that painful
subjects had larger increases (P b .0001) in zonal disc
height with rotation in zones 1 and 4, and a significant
reduction for zone 2 (P b .05). Lastly, when the data were
organized by age group (Fig 5C), the same pattern of
increase in zones 1 and 4 and decrease in zone 2 was
verified, with the disc height in zone 2 tending (P = .067) to
decrease in the younger group (Fig 5C).
The strain results confirmed the patterns seen in Figure 4.
Zones 2 and 5 were the areas experiencing the largest
compression as can be seen in Table 1. The anterior zone
(zone 3) maintained in large part its dimensions, and there
were only minor changes in the lower lumbar levels (Fig 6).
When the data were discriminated by presence or
absence of low back pain symptoms, the discs of the
symptomatic subjects experienced larger strains in zones 1,
2, and 4 (with the only significant difference seen in zone 2
at L1/L2 [P = .032] as shown in Fig 6). The other zones
Fig 4. Disc height distribution changes by lumbar level due to
torsion. Asterisks denote significant differences as *P b .0001;
**P b .004; and ***P b .02, respectively.
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only the strains at L4/L5 being significantly larger in zone 5
(P = .012; Fig 6). All other comparisons between
symptomatic and normal subjects did not reach significance
(P N .05).DISCUSSION
The results of the present study show that, for end-range
axial rotation consistent with some clinical manual therapy
methods, the overall average disc height in the right 50°
position of the spine was greater than the overall average
disc height in the neutral position. This result agrees with a
previous in vitro study using cadaveric porcine lumbar
spine showing an increase in the disc height by 0.23 mm
during 2° axial rotation of the spine.32 Such motion
correlates to previous measurements of segmental rotational
range of motion between 0.6° and 2.2° in torsion.42 In the
present study, the more significant changes of the disc
height were noted in the peripheral zones, as quantified both
by the strain calculations and the actual zonal disc heights
calculated. As the spine was rotated 50° to the right, the disc
height in the right lateral zone increased while the left
lateral zone decreased, and the disc height in the posterior
zone increased while the anterior zone decreased. This discheight distribution corresponds to the coupled segmental
motions (anterior flexion and lateral bending) associated
with axial rotation.42 The disc height in the central zone,
which corresponds to the region of the nucleus pulposus,
significantly decreased during torsion in the present study.
At the L5/S1 level, the changes were not as significant as in
the other levels. The left side of L5/S1 remained at the same
mean IVD height. This can be attributed to the fact that the
sacrum is usually considered a static reference frame for
spinal motion, and its mobility is generally much more
restricted than that of the lumbar spine. The fact that the
upper levels in the spine move in a direction opposite to
those in the lower levels leads us to term it a paradoxical
motion. This might be caused by the specific structural
configuration of the spine at such levels, mainly the facet
joints orientation and segmental lordosis, due to which the
L5 vertebra is usually tilted anteriorly in contraposition to
the mostly parallel stacking of the upper lumbar levels.
Overall, the increase in disc height seen in this report
supports the hypothesis of depressurization of the entire
disc via an increase in IVD height during torsion proposed
in a previous study.30 However, our results on the
compressive strain in the center zone corresponding to
nucleus pulposus during torsion may conflict with the
hypothesis of depressurization of the nucleus pulposus
during torsion. We must caution though that our data do not
include information about any volume changes in the
nucleus pulposus, which does not have a definite boundary
and essentially transitions from gelatinous material into
more fibrocartilaginous phenotype with increasing radial
distance from the center of the IVD. This feature, plus the
incompressible nature of the nucleus pulposus make it
difficult to track its changes during loading in vivo.
In addition, it has been postulated that the increase in
disc height would decrease facet joint loading.30 However,
it remains to be clarified whether the increase in the disc
height in the posterior region noted in the present study
would cause the decrease in the facet loading or the increase
of the posterior disc height was brought by overriding of the
facet joint during torsion due to 3D orientation of the facet
joint.44 The data suggest that the overall “wedge” cross
section of the intervertebral space is preserved, as the
anterior zone was always larger than the posterior side, and
this feature was maintained even after the axial rotation was
applied. Future studies will investigate correlations between
the changes in disc height distribution and in facet
kinematics and/or changes in facet joint space width during
torsion. Furthermore, the focus of our work will also
concentrate on expanding the database of subjects to
include older subjects and examine the relationship(s)
between torsion and age from a disc degeneration point
of view.
Disc height distributions reported in this study support the
conceptualization of HVLA procedures during treatment
planning using axial torsion in low back pain patients.15
Fig 5. Disc height values for each anatomical zone shown for both neutral and rotated positions by gender (A), presence or absence o
low back pain symptoms (B), and age group (young, 20s-30s; middle aged, 40s-50s; C). The diagram at the top right side of each char
depicts the anatomical zones and the direction of rotation (to the right). Zone 1, posterior; zone 2, left lateral; zone 3, anterior; zone 4
right lateral; zone 5, central. Asterisks denote significant differences as **P b .0001 and *P b .05.
Table 1. Mean (SEM) Values for Computed Strain (%) in the Axial Direction After Torsion
Level Zone 1 Zone 2 Zone 3 Zone 4 Zone 5
L1/L2 24.28 (2.12) −7.23 (1.33) −0.92 (1.39) 18.71 (1.39) −1.05 (0.70)
L2/L3 20.37 (1.79) −12.07 (1.32) −0.37 (1.53) 20.13 (1.33) −2.53 (0.51)
L3/L4 14.51 (1.64) −10.07 (1.26) 1.52 (1.82) 17.29 (1.16) −2.75 (0.52)
L4/L5 15.41 (4.45) −3.58 (1.40) −1.57 (1.80) 10.84 (1.57) −3.92 (0.60)
L5/S1 25.30 (3.65) −1.13 (2.19) 5.97 (4.15) 3.35 (2.49) −5.37 (0.85)
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t
,
Fig 6. Disc strain (%) sustained between both neutral and fully rotated positions shown for both controls (N, gray bars) and low back
pain subjects (S, white bars). Notice the same pattern of compression in zone 2 and zone 5 from Fig 4. Error bars span the SEM.
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Torsion and Disc HeightVolume 39, Number 4Patient positioning before administration of treatment is
designed to optimize disc height on one side of the spine or
the other depending upon the nature of individual patient
symptoms and/or degenerative changes. These preposi-
tions are believed to facilitate effectiveness of administra-
tion while maximizing patient comfort. Future studies are
needed to examine the dynamic kinematic changes in key
structures like the disc and intervertebral foramina during
HVLA administration.Limitations
This study did not consider real-time motion analysis but
rather presents discrete results at two different time and
range of motion endpoints of the torsional motion, which
might not be the best representation of the HVLA
maneuver. In addition, the CT imaging modality does not
provide meaningful information about the nucleus pulposus
or annulus fibrosus of the IVD, thus limiting our
observations about the actual motion or deformation of
said disc components.CONCLUSION
This study quantified important tensile/compressive
changes disc height during torsion. The implications of
these mutually opposing changes on spinal manipulation
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Practical Applications
• A 3D method was used to measure changes in disc
height due to axial rotation in vivo.
• Proper knowledge of spinal rotation is relevant to
spinal manipulation treatment.
• The effect of torsion in disc height distribution had
not been addressed with such high resolution.
• Disc height distribution is key to study the
adjacent intervertebral foramen.
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